Changes in force-velocity properties of trachealis due to oscillatory strains. J Appl Physiol 92: 1865-1872, 2002. First published January 4, 2002 10.1152/japplphysiol.01155.2001.-The physically dynamic environment of the lung constantly modulates the mechanical properties of airway smooth muscle. In vitro experiments have shown that contractility of the muscle is compromised by oscillatory strains, perhaps through disruption of cross-bridge interaction and organization of the contractile filaments. To understand the mechanism by which oscillation affects contractility, functional changes of the muscle in terms of force-velocity relationship were assessed before and after imposition of length oscillation in both relaxed and activated states. The oscillation protocol was designed to reduce isometric force by 15-20%, followed by measurement of force-velocity properties. Maximal velocity and power changed by ϩ8 and Ϫ14%, respectively, after oscillation applied in the relaxed state and changed by Ϫ15 and Ϫ25%, respectively, after oscillation applied during contraction. A simple model of reduced activation could not account for the results; neither could the results be explained satisfactorily by the current cross-bridge theory of contraction. The results, however, could be explained if the possibility of reorganization of the contractile filaments due to oscillatory strains was considered. airway smooth muscle; mechanics; power output; internal load; contractile units THE ABILITY OF AIRWAY SMOOTH muscle to overcome external loads and control airway caliber is reflected in its contractility, which can be characterized by the muscle's force velocity (F-V) relationship. Considering that the airways of the lung are constantly subjected to mechanical oscillations brought on by the act of breathing, it is important to understand the effect of oscillatory strains on the ability of the muscle to function mechanically. In vivo studies have demonstrated that asthmatic airways react differently from normal airways to strains associated with lung volume change due to deep inspiration (23); contracted normal airways relax when subject to oscillatory strains, whereas asthmatic airways often fail to relax (26). More recent studies have shown that deep inspirations before a bronchoconstricting stimulus confer a protective effect on the airways against excessive narrowing (15-17).
THE ABILITY OF AIRWAY SMOOTH muscle to overcome external loads and control airway caliber is reflected in its contractility, which can be characterized by the muscle's force velocity (F-V) relationship. Considering that the airways of the lung are constantly subjected to mechanical oscillations brought on by the act of breathing, it is important to understand the effect of oscillatory strains on the ability of the muscle to function mechanically. In vivo studies have demonstrated that asthmatic airways react differently from normal airways to strains associated with lung volume change due to deep inspiration (23) ; contracted normal airways relax when subject to oscillatory strains, whereas asthmatic airways often fail to relax (26) . More recent studies have shown that deep inspirations before a bronchoconstricting stimulus confer a protective effect on the airways against excessive narrowing (15) (16) (17) .
Results from in vitro experiments on airway smooth muscle suggest that the muscle's response to oscillatory strains may underlie the in vivo airway response to deep inspirations.
Length or force oscillations applied to contracting airway smooth muscles are known to relax the muscle (8) by promoting detachment of the actomyosin cross bridges (6, 7) . In resting airway smooth muscle, oscillations have been shown to produce a state in which the muscle's ability to generate force is depressed (24) . The mechanism for the reduced ability to generate force after passive oscillation is less clear than that in contracting muscle. One recent study suggests that mechanical agitation could result in dissolution and fragmentation of the myosin thick filaments in resting airway smooth muscle, which could be responsible for the decrease in isometric force observed in the subsequent contractions (13) .
In striated muscle, the F-V relationship is governed by the dynamics of cross-bridge interaction within very stable contractile units, the sarcomeres (12) . In smooth muscle, the unstable structure of the contractile apparatus (13) , when mechanically disrupted, may alter its length-tension and F-V characteristics in a way that conventional interpretation of the relationships based on the striated muscle model becomes inadequate or even inapplicable. Changes in F-V properties observed in smooth muscle could stem from modifications of the contractile apparatus rather than the cross-bridge dynamics. The present study was carried out to investigate changes in the F-V properties in airway smooth muscle after the muscle was subjected to a period of oscillatory strains in both relaxed and activated states.
METHODS

Tissue Preparation
Swine tracheas were obtained from a local abattoir. Tracheas were removed from pigs (40-50 kg) immediately after they were killed. The trachea was immersed in physiological saline solution at 4°C [composition (in mM): 118 NaCl, 5 KCl, 1.2 NaH2PO4, 22.5 NaHCO3, 2 MgSO4, 2 CaCl2, and 11.1 glucose]. The solution was aerated with 95% O2-5% CO2 to maintain a pH of 7.4. Rectangular strips of trachealis muscle were dissected from the trachea after removal of the epithelial and adventitial connective tissue layers. Muscle strips (ϳ6 ϫ 1 ϫ 0.3 mm in dimension) were mounted vertically in a tissue bath with one end fixed to a stationary hook and the other to a servo-controlled lever of a length-force transducer. The tissue bath contained solution at 37°C that was bubbled with a 95% O 2-5% CO2 mixture.
After placement in the tissue bath, the muscle strip was equilibrated for 1-1.5 h. During this time, it was activated by electrical field stimulation at 5-min intervals with a 60-Hz alternating-current stimulator with platinum electrodes. The voltage used for the stimulations was 12 V, a level that was more than adequate to induce maximal muscle response. The reference length (L ref) of the muscle strip was selected to be a length close to the in situ length at which the in vitro passive force was ϳ1-2% of maximal isometric force (F max).
F-V Measurement
Muscle preparations were stimulated with electrical field stimulation for 14 s. At the 12th s, after the isometric force had reached a steady plateau, a critically damped, abruptload clamp (2, 20) was applied to allow the muscle to shorten under a preset constant load (afterload). The velocity was calculated as the slope of the displacement trace 100 ms after the onset of release (21) . The frequency of digitization was 200 Hz, and seven digitized points (3 before and 3 after the 100-ms point for a total of 30 ms in time interval) were used to obtain a linear fit with the least squares best fit method. After the shortening, the muscle was stretched back to the starting length (L ref) and relaxed for 5 min. A set of F-V data was obtained by applying a series of six such load clamps ranging from 4 to 70% of the plateau isometric force. A typical experiment lasted ϳ5-6 h. During the course of an experiment, there usually was some degree of muscle deterioration. The degree of deterioration was measured by the percent decrease in F max at the end of the experiment compared with that at the beginning. If the decrease was Ͼ15%, results from the experiment were discarded. (Two sets of results were excluded based on this criterion in the present study.) The experiments were designed in such a way that two control measurements bracketed a test measurement to minimize the effect of muscle deterioration. A test value was always compared with the averaged control values obtained before and after the test value was measured.
Length Oscillation Before Activation
After a control F-V curve was obtained as described above, the muscle preparation was allowed to recover with a series of isometric contractions at 5-min intervals until the isometric force returned to F max. Length oscillation was then applied to the relaxed muscle preparation through the servocontrolled lever system. Sine waves of length oscillation were used as in our previous studies (24, 25) . The amplitude of stretch was chosen as 29% of L ref (30% before correction for system compliance). This amplitude was chosen because it is similar to the amplitude of stretch experienced by the muscle cells in the airways during a deep inspiration (6) and because it produced a significant decrease in isometric force in the subsequent contractions (24) . The oscillation frequency was 0.5 Hz (similar to porcine respiration rate), and the duration of the oscillations was 5 min. At this setting of oscillation, the plateau isometric force in the subsequent contraction was reduced to ϳ80% of F max. On termination of the oscillation, muscle length returned to L ref. The muscle was then stimulated for 14 s. At the 12th s, a quick force release (load clamp) was applied with a precalculated afterload, and the velocity associated with the afterload was measured. After the load clamp, the muscle preparation was allowed to recover via a series of isometric contractions until the isometric force again returned to F max. The time interval between stimulations was 5 min for quickest recovery (24, 25) . After Fmax was reached, another length oscillation of the same amplitude, duration, and frequency was applied, followed by a quick force release to a different afterload. The repetitions of oscillation, isotonic quick release, and recovery were carried out at six different afterloads. At the end of the test, another control F-V curve was measured.
Length Oscillation During Activation
A control F-V curve was first obtained in the absence of oscillation as described above. Length oscillation was then applied to the activated muscle during the first 12 s. The amplitude of the oscillation was chosen to be 4-5% L ref, and the frequency was 2 Hz (6). This setting of length oscillation reduced the isometric force at the end of the 12th s to the target level of force of ϳ80% F max. The muscle length returned to Lref on termination of the length oscillation. While the stimulation continued on, an abrupt load clamp was applied at a chosen afterload. Six load clamps were applied to obtain six F-V points that were later fitted with Hill's hyperbola (11), as described below in Data Analysis. Isometric contractions were elicited in between isotonic quick releases to allow muscle to recover and maintain a stable level of force production.
Partial Activation
F-V relationships obtained under partial activation were used as a control to examine the effect of reduced number of active cross bridges on the muscle's mechanical properties. (Although it was not a perfect control, it facilitated the discussion in terms of various possible mechanisms underlying the oscillation-induced reduction in muscle contractility.) The experimental procedure was the same as that outlined for obtaining F-V curves for the control, as described above, except that the voltage of stimulation was submaximal. A voltage (ϳ5.4 V) was chosen so that the plateau isometric force was reduced to ϳ80% of F max. The voltage used to allow the muscle preparations to recover in between load clamps was the same as that for the control (12 V).
Isotonic Shortening
Isotonic shortening was used to assess the factors influencing the time course of shortening. Muscle preparations were allowed to shorten isotonically against a low load (5% of F max). Eight preparations from eight tracheas were studied. After the muscle was equilibrated, an isotonic contraction was elicited, and the maximal amount of shortening measured. Isometric force produced by a muscle after a large isotonic shortening was usually depressed; the muscle was allowed to recover through a series of isometric contractions. Length oscillations (with the same amplitude and frequency as described above for oscillation before activation) were then applied to the resting muscle. Immediately after termination of the oscillation, the muscle length returned to L ref, and the muscle was then stimulated to shorten isotonically against a preload that was 5% of the predicted F max (i.e., 80% of the preoscillation Fmax). The amount of shortening was measured at the plateau of contraction, and the muscle was allowed to fully recover before a repeat of shortening under the control condition was carried out.
Correction for System Compliance
The compliance of the lever system itself is negligible, but the surgical silk that connected the muscle to the lever system had a small but finite compliance. The total system compliance (lever plus silk) was obtained by applying calibrated force values to the system and the silk thread without a muscle strip and recording the length changes. The system compliance was then subtracted from the measured muscle compliance to obtain the correct length oscillation amplitude.
Data Analysis
Fitting F-V data with Hill's equation. With the use of a nonlinear, least squares, best-fit method, the F-V data were fitted with the hyperbolic Hill equation (11) with constants a and b and the force-axis intercept F o
where F is the isotonic afterload and V is the corresponding shortening velocity. The V max was extrapolated from the fitting parameters (Vmax ϭ Fo ϫ b/a). Power output (P) of the muscle as a function of load (F) was obtained by multiplying V and load
The maximal power (P max) was calculated by differentiating the force-power function (with respect to F) to obtain the force associated with the P max (FЈ)
and by substituting FЈ for F in the force-power function (Eq.
2). The absolute units were used in calculating the power to take into account the changes in isometric force after length oscillation. To obtain the control values of V max and Pmax, the F-V curves from the two control measurements before and after the test measurement were fitted to the Hill equation separately, and the fitting parameters were then averaged. Statistics. Paired t-test was employed. A P value of Ͻ0.05 was considered statistically significant. The n value refers to the number of animals used.
RESULTS
Changes in F-V Properties After Length Oscillation and in Partial Activation
Examples of F-V curves obtained before and after imposition of length oscillation on relaxed and activated trachealis muscles are shown in Fig.1, A and B . The oscillation decreased the values of F max in both cases, but it increased the V max when the oscillation was applied in the relaxed state (passive oscillation) and decreased the V max when the oscillation was applied in the activated state (active oscillation). The changes in F max and V max in both cases could be due to oscillation-induced deactivation of the muscle. To test this hypothesis, in a third case (Fig. 1C) , changes in F-V properties due to partial activation (without length oscillation but with the same degree of decrease in F max ) were compared with those due to passive and active oscillations. The results are summarized in Fig.  2 . Whereas the three interventions all produced similar significant decreases (P Ͻ 0.05) in isometric force, their effects on other F-V parameters were quite variable. There was no significant change in the values of Hill's constants (a/F o and b) produced by passive oscillation or partial activation; active oscillation, on the other hand, reduced the b value significantly. Active oscillation and partial activation reduced V max signifi- Fig. 1 . Examples of force-velocity data and fitted curves obtained under various conditions. A: data obtained before (E) and after (F) oscillatory strains were imposed on the muscles in the relaxed state. Inset: magnified portion of the curves at low loads. B: data obtained before (E) and after (F) oscillatory strains were imposed on the muscles during contraction. C: data obtained in fully (E) and partially (F) activated muscles without oscillation. A-C: open symbols represent data obtained under the control condition, i.e., full activation without oscillation. The control values for the force-velocity parameters from all 3 groups of experiments were averaged and are listed in Table 1 . The data were fitted with the Hill hyperbolae, as described in text. Lref, reference length; Fo, force-axis intercept.
cantly (P Ͻ 0.05), whereas passive oscillation increased the velocity slightly but significantly (P Ͻ 0.05). The P max output of the muscles decreased significantly (P Ͻ 0.05) under all three conditions. The control values of F max , V max , and P max are listed in Table 1 .
Internal Load in the Muscle Preparation?
In the absence of internal load, partial activation will not cause a decrease in V max , if the reduced activation is evenly distributed among all contractile units, because, in this case, the true zero-load velocity is determined by the maximal cycling rate, not the number, of the activated actomyosin cross bridges (4). In smooth muscle, the level of phosphorylation and cross-bridge kinetics are activation dependent. Hai and Murphy (9) have shown that, at high levels of activation (force), the degree of phosphorylation is relatively constant. The partial activation protocol used in the present study resulted in only a 15-20% decrease in activation from the maximum; the variation in phosphorylation, therefore, should be minimal. The present finding of a decrease in V max under the condition of partial activation suggests that either there is an internal load or the partial activation has resulted in total inactivation of some contractile units in series. Assuming that partial activation reduces the number of active cross bridges without changing the kinetic properties of the remaining active bridges, the shape of the F-V curve should be unchanged (except for the proportional decrease in force) in partial activation if there is no internal load. That is, when normalized to their relative isometric force values, the F-V curves obtained in partial and full activation should superimpose (4).
In Fig. 3 , the averaged F-V curves for partial and full activation were plotted by using the averaged values of the Hill constants obtained from curve fitting. Here we assume two possible scenarios of partial activation: one is that the fraction of inactive cross bridges is the same in all contractile units (i.e., all the contractile units are functional but with reduced number of active cross bridges), and the other is that inactivation is localized to some contractile units, making them nonfunctional (i.e., they are not capable of actively generating force or shortening, but the cytoskeletal filaments surrounding them enable tensile force to be transmitted through them). For the first scenario, when the F-V curves are extended to the negative external force region, a crossover point for the F-V curves is found (Fig. 3) . If we assume that the common V max occurs when both external and internal loads are zero (at the crossover point), we have a way of estimating the amount of internal load in our muscle preparation, and the load is estimated to be ϳ5.1% of the control (fully activated) F o (Fig. 3) . If we then use the Ϫ5.1% F o as our new zero in the F-V plot (Fig. 3) and expand the partially activated F-V curve (dashed curve) from the new zero origin (Ϫ5.1% F o ) so that the maximal force for the partially activated F-V curve matches F o (in other words, if we normalize the partially activated F-V curve with F o ), the normalized partially activated F-V curve (dotted curve) superimposes exactly with the fully activated F-V curve (solid curve).
Assuming that the assumption made for the first scenario is correct, this suggests that partial activation Fmax, maximal isometric force; Pmax, maximal power output; a, constant; Fo, force-axis intercept; Lref, reference length. Fig. 3 . Force-velocity curves derived from averaged (n ϭ 7) forcevelocity parameters obtained from fully and partially activated muscles. The curves obtained from fully (solid) and partially (dashed) activated muscles were extended to the negative force region to find the force value at which the shortening velocities (true Vmax) coincided (crossover point). The internal load (5.1% Fo) caused the shortening velocities at zero external load to differ; by expanding the partially activated curve (dashed) from the absolute zero force origin (Ϫ5.1% Fo on the force axis), the fully (solid) and partially (dotted) activated curves could be made to superimpose. See text for detailed analysis.
did not alter the fundamental F-V relationship in the muscle and that the apparent differences in the unnormalized curves were due to a reduction in the number of active cross bridges under partial activation and an internal load with a magnitude of 5.1% F o . For the second scenario, no internal load is assumed. The reduced shortening velocity in partial activation is assumed to be due to "dropping out" of some contractile units, whereas the remaining units are fully activated and behave the same as those in fully activated muscle. If this is the case, the partially activated muscle will be equivalent to a shorter and thinner fully activated muscle in terms of its F-V properties. This means that, by scaling up the values of F max and V max of the partially activated muscle to match those of fully activated muscle, the two F-V curves should superimpose exactly. This is indeed true when the scaling was carried out (data not shown): an exact match as that shown in Fig. 3 (between the solid and dotted lines) was obtained. The mechanisms of partial activation postulated in the two scenarios, therefore, could not be differentiated by using the F-V analysis employed in this study. The results, however, validate the assumption (common to both scenarios) that the properties of the active cross bridges in partially activated muscle are the same as those in fully activated muscle; the difference seen in unnormalized F-V curves is merely due to a difference in the number of active bridges.
The F-V protocol used in this study measured velocity at muscle lengths close to L ref . It is possible that length oscillation affects shortening velocity differently at different lengths. To examine this possibility, isotonic shortenings obtained before and after length oscillation were compared. Figure 4 shows averaged isotonic shortening traces obtained before (solid) and after (dotted) passive oscillation. The isotonic load for both traces was 5% of the F max obtained for each condition (i.e., with or without length oscillation). No difference was found in the time course and the amount of shortening generated under the two conditions (Fig. 4) .
DISCUSSION
The effect of oscillatory strains on F-V properties of airway smooth muscle is shown in the present study to be dependent on the state of activation when the oscillations are applied. Although isometric force was reduced by oscillations applied in either the passive or active state, maximal shortening velocity was increased (slightly) when the oscillation was applied in the relaxed state and decreased when applied during contraction (Fig. 2) . This suggests that different components of the muscle were affected by the oscillation in the relaxed and contracted states. When the muscle is active, stress created by the oscillatory strains is likely carried mostly by the myofilaments via the cross bridges. Disruption of the equilibrium of cross-bridge binding would, therefore, likely be the main effect of oscillation under this condition (6, 7) . When most of the cross bridges are disengaged from the actin thin filaments in the relaxed state, stress due to oscillatory strains is likely borne by the extracellular matrix, cytoskeleton, and viscous shear stress between thick and thin filaments, as well as cytoskeletal filaments. It is not clear how oscillatory strains may change the structure of these components in the relaxed state and alter contractility of the muscle in the subsequent contractions. There is no known model of smooth muscle that can explain all aspects of the present results satisfactorily. Several control experiments were, therefore, included in this study to facilitate more specific interpretations of the results.
Effects of Oscillatory Strains on Activated Muscle
It has been shown that length oscillation impairs active force generation in airway smooth muscle (22) . Force oscillation applied to actively shortened airway smooth muscle has also been shown to cause lengthening of the muscle (6) . These observations are consistent with the present results showing that isometric force and power output of the muscle are depressed by oscillatory strains. The deleterious effect of oscillation on muscle contractility has been attributed to premature detachment of the cross bridges (6) and plastic rearrangement of the contractile filaments (13, 22, 24) . Fredberg et al. (6) have observed that the ATPase activity of the muscle and the cycling rate of the cross bridges (inferred indirectly from the measurements of hysteresivity of the muscle) were both increased by the oscillation, supporting a hypothesis that oscillatory strains enhance detachment of the slowly cycling "latch" bridges and formation of the normally cycling bridges (6) . These observations that suggest higher cross-bridge cycling rate are inconsistent with the present finding of a decrease in maximal shortening velocity and power output after the oscillation (Fig. 2) . Direct measurement of shortening velocity at near-zero load (1% F max ) by Fredberg's group (3) also showed that the velocity was decreased by oscillatory strains applied during an acetylcholine-induced contraction. One possible explanation for the discrepancy is that the high rates of cross-bridge cycling induced by oscillation Fig. 4 . Averaged (n ϭ 8) traces of isotonic shortening produced by muscles before (solid line) and after (•) oscillatory strains were applied to the relaxed muscles before activation. The isotonic load was 5% of the respective isometric forces before and after the oscillation.
persist only as long as the oscillation is present; when the oscillation stops (as in the case here just before the isotonic quick release), the cross bridges quickly return to their preoscillation equilibrium. If this is the case, the shortening velocities measured before and after the oscillation should be the same. An internal load may account for some or all of the decrease in the velocities observed by Fredberg's group and us (see later discussion). According to Huxley's cross-bridge theory (12), muscle force is expected to decrease when there is relative movement between the thick and thin filaments. The theory predicts no change in maximal (zero-load) shortening velocity due to the relative movement. The present findings are consistent with Huxley's cross-bridge theory in that there is no increase in shortening velocity; the decrease in velocity may be due to non-cross-bridge-related factors, as discussed below.
One possible explanation for the present finding of a decrease in velocity after active oscillation is that there was an internal load in our muscle preparation. If active oscillation somehow reduced the number of force-generating cross bridges (without affecting the internal load), as suggested by the reduction in F max after oscillation, at zero external load the force imposed by the internal load on each cross bridge (force per bridge) would be increased (simply because fewer bridges are now available to share the internal load), and this would slow down the cycling rate of the bridges.
Is There an Internal Load?
In single fibers of skeletal muscle, our laboratory found that V max was not dependent on the degree of activation (5), suggesting that there is negligible internal load associated with single fibers of skeletal muscle. The trachealis preparation, on the other hand, showed evidence (although not unequivocal) for an internal load. The averaged F-V curves of fully and partially activated muscle preparations are shown in Fig. 3 . The reduction in zero-external-load velocity in partially activated muscle (dashed curve) can be explained by the existence of an internal load of 5.1% F o in magnitude. By normalizing the F-V curve of the partially activated muscle with F o of the fully activated muscle and taking the putative internal load into account (with the use of Ϫ5.1% F o as the new zero origin for the force axis), the F-V curves can be made to superimpose. This suggests that there was an internal load. An alternative explanation of the results of partial activation in terms of the changes in F-V properties is that there was no internal load; instead, partial activation resulted in total inactivation of some of the contractile units, making them incapable of generating active force or shortening. This can explain the observed decrease in V max in partially activated trachealis muscle without having to invoke the concept of internal load. The present analysis cannot differentiate these two possible explanations. Both of these explanations rely on the same assumption that the properties of the remaining active cross bridges in the partially activated muscle behave normally (i.e., the same as those in fully activated muscle). The partial activation experiments did substantiate this assumption and showed that length oscillation did not just merely partially inactivate the muscle.
If we assume that there is an internal load of 5.1% F o in all of our trachealis preparations, then a more appropriate control for velocity would be that obtained under partial activation, because partial activation reduced the isometric force to a similar extent as that after length oscillation but presumably did not alter the properties of the cross bridges. Alternatively, if we assume that both active oscillation and partial activation resulted in a pattern of inactivation that selectively abolished active contraction in some of the contractile units (the second scenario), then again partial activation (instead of full activation) would be a better control for the observations made under active oscillation. By comparing velocities obtained after length oscillation to that obtained under partial activation, the true effects of oscillation on velocity could then be revealed. The significant 15.3 Ϯ 2.6% decrease in V max relative to the fully activated control was reduced to a 6.2 Ϯ 3.6% reduction when V max was compared with that of the partially activated control; this difference is not statistically significant. The Hill's constant b was significantly altered by the oscillation (Fig. 2) , and this is true either with partial or full activation as control. This suggests that the presence of an internal load or selective inactivation of contractile units could account for only part of the changes in the F-V properties after active oscillation (18) . The oscillation-induced detachment of cross-bridge binding would result in an increase in shortening velocity if there were "latch" bridges present (6, 9, 10) . The finding of a lack of increase in shortening velocity after active oscillation suggests that the latch bridges might be absent in our muscle preparation.
If we assume that there is no internal load and no selective inactivation of contractile units after active oscillation, then the decrease in V max after oscillation is significant and the present model of cross-bridge mechanism cannot explain it. It is possible that the forcibly detached cross bridges have a slower rate of reattachment in smooth muscle, although this step is generally not regarded as rate limiting. It is also possible that a non-cross-bridge mechanism is behind the decrease in V max , such as rearrangement or disassembly of the contractile filaments.
Effects of Oscillatory Strains on Resting Muscle
One of our laboratory's recent studies has shown that length oscillation applied to airway smooth muscle in the relaxed state resulted in partial dissolution and possibly fragmentation of the myosin thick filaments (13) . Changes in the cross-sectional density of the myosin filaments showed positive correlation to the isometric force produced by the same muscles (13) . The oscillation protocol (passive oscillation) used in the present study is exactly the same as that in our previous study (13) ; changes in the F-V properties after oscillation, therefore, could be interpreted in light of the structural change found in our laboratory's previous study (13) . After passive oscillation, the reduced number of myosin filaments could explain the decrease in the subsequent isometric force production and power output. The increase in V max (8.2 Ϯ 2.6%), although small, is statistically significant (although it may not be physiologically significant). But if an internal load really exists in the muscle preparation, the increase in V max (19.6 Ϯ 4.5%, obtained by comparing maximal velocities after passive oscillation and in partial activation) becomes substantial and physiologically significant. The increase in V max is difficult to explain by using the conventional model, in which the contractile apparatus is assumed to consist of fixed filament arrays as in striated muscle. One possibility allowed by the conventional model is that the increase in maximal velocity is due to an increase in ATPase activity in the actomyosin interaction (after passive oscillation). This, however, is inconsistent with the observed decrease in isometric force and power output in the same muscle.
The observed partial dissolution and fragmentation of the myosin filaments induced by oscillatory strains applied to muscles in the relaxed state in our laboratory's previous study (13) may be the cause for the decrease in isometric force and increase in shortening velocity under the same condition observed in the present study. If the length oscillation has caused a transformation in the structure of the muscle's contractile apparatus so that shorter but more of the thick filaments are arranged in series spanning the cell length, this would cause an increase in shortening velocity because there would be more contractile units in series, and at the same time it would cause a reduction in force produced by the muscle because of the shorter thick filaments that possess fewer cross bridges in parallel. In our laboratory's previous study (19) , we observed a decrease in shortening velocity coupled with an increase in isometric force during an isometric contraction. This time-dependent change in the F-V relationship could be explained by a series-to-parallel transition of the cross-bridge arrangement in the muscle cells (19) . The present observation of the effects of passive oscillation (i.e., a reduction in isometric force accompanied by an increase in shortening velocity) could be explained by a reversal of this process, that is, a parallelto-series transition in the cross-bridge arrangement. The decrease in power output by passive oscillation could be explained by partial dissolution of the thick filaments that reduced the number of functional cross bridges.
Effects of Passive Oscillation on the Time Course of Isotonic Shortening
The applied length change during passive oscillation may alter cellular structures and result in changes in shortening velocity and the maximal amount of shortening. Meiss (14) has shown that radial constraint can reduce the amount of axial shortening in a bundle of smooth muscle. Bramley et al. (1) have shown that, by digesting away some of the extracellular collagen matrix, a greater amount of shortening is observed in bronchial muscle preparation. Length oscillation could result in a change in the radial constraint and/or the stiffness of the elements parallel to the contractile filaments. This may be detected as a change in the time course of isotonic shortening and the maximal amount of shortening. It was observed in the present study that the time course and the amount of shortening produced by the muscle was exactly the same before and after passive oscillation (Fig. 4) , when the isotonic load was adjusted so that the muscle was shortening against the same fractional load (5% of the respective F max ). It appears, therefore, that whatever determines the time course of shortening in the fully activated and unperturbed muscle was not changed after the length oscillation. If length oscillation had resulted in selective inactivation of some in-series contractile units, the maximal amount of shortening would be reduced. The lack of change in this parameter suggests that passive oscillation did not cause selective inactivation of contractile units that would have punctuated the muscle cells with "dead spaces" in between functioning contractile units in series.
Conclusions
The F-V relationship of airway smooth muscle is altered by oscillatory strains comparable in amplitude to those encountered in vivo during tidal breathing and deep inspirations. The nature of the changes in the F-V relationship depended on the muscle's activation state at the time the oscillation was applied. Oscillation applied during contraction caused decreases in isometric force, shortening velocity, and power output in the muscle. The decrease in velocity under this condition could be explained by the presence of an internal load in the muscle preparation that rendered "maximal" shortening velocity dependent on isometric force. The evidence for an internal load, however, is not unequivocal. Oscillation applied in the relaxed state caused decreases in isometric force and power output in the muscle, possibly due to partial dissolution of the unstable thick filaments in the relaxed state. The maximal shortening velocity was increased under this condition, possibly due to a rearrangement of the contractile filaments that resulted in a shorter but greater number of thick filaments being placed in series spanning the cell length. Although partial activation could mimic the change in isometric force after length oscillation, it could not duplicate other changes in the F-V properties. Length oscillation, therefore, did not merely result in partial inactivation of the muscle.
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